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We study the linear response of an effective relativistic two-fluid medium carrying separately
conserved electric and magnetic charge currents. The model is defined by the duality-symmetric
Maxwell equations with electric and magnetic sources, together with Lorentz-force dynamics for two
fluids with independent inertia and possible Carter-type entrainment. The magnetic component is
treated as an effective charge-carrying constituent, so the analysis uses only the closed two-fluid
equations.

Around a homogeneous, neutral, and unmagnetized background, the transverse electromagnetic
response contains two stable branches whose cutoffs are set by the electric and magnetic plasma
frequencies and are exchanged by electric-magnetic duality. In the longitudinal sector, entrainment
mixes the electric and magnetic density oscillations, turns their crossing into an avoided crossing, and
gives the stability condition x? < 1, equivalent to positive definiteness of the two-fluid momentum
matrix. Resolving the magnetic component into monopole and antimonopole species gives a neutral
branch selected by magnetic charge conjugation C,,. In this branch the net magnetic current
vanishes, so the long-range monopole field is absent, while the total magnetic density can still
produce screened collective response. The resulting picture is that magnetic charge can be statically
hidden but dynamically visible. A robust observable signature is the density scaling w2, ~ wim x
n?m), which may survive dissipative broadening even when sharp ideal-plasma poles are not resolved.
We briefly comment on possible dyonic interpretations of magnetically neutral composites, but the
linear-response results do not rely on that interpretation.

I. INTRODUCTION

Magnetic charge is usually discussed as an additional source of the Maxwell field. In the standard Dirac picture, a
magnetic monopole is represented by a singular potential, and the unobservability of the Dirac string leads to charge
quantization [1-3]. The same physics can be described globally using gauge patches in the Wu—Yang formulation [4].
Equivalent local descriptions, such as the two-potential formulation of Cabibbo and Ferrari, the local Zwanziger action,
and the covariant PST construction, make electric-magnetic duality manifest at the price of an enlarged potential
structure [5-7]. These formulations establish how magnetic charge can be included consistently in electrodynamics.
The question addressed here is different and more phenomenological: if magnetic charge is carried by a dynamical
medium with its own inertia, what collective electromagnetic response follows?

We therefore study an effective electric-magnetic two-fluid plasma. The minimal closed model consists of the
duality-symmetric Maxwell equations with electric and magnetic sources,

vaab = jge), Vb*Fab = j?m)'

The two charge currents are carried by independently conserved electric and magnetic fluids, with charge densities
j?e) = qn‘(le) and j?m) = gn‘(lm). Their inertial response, including possible Carter-type entrainment, is specified
in Sec. II A. No microscopic monopole core model is assumed; the magnetic component is treated as an effective
charge-carrying constituent whose inertia is a low-energy parameter of the medium.

One motivation for this effective system comes from the convective variational, or matter-space, description of
relativistic fluids and multifluids developed by Carter and subsequent authors [8-12], and from its application to
electromagnetism and two-sector decompositions [13, 14]. In that framework conserved currents arise naturally from
matter-space pull-backs, and a magnetic charge-carrying constituent can be represented at the effective level by a
conserved magnetic current. The present paper does not require the details of that construction: it takes the closed
electric-magnetic two-fluid equations as an effective model and computes their linear collective response.

We linearize the dual plasma around a static, homogeneous, neutral, and unmagnetized background. The central
question is whether the magnetic carrier is dynamically inert when the background has no net monopole field, or
whether it leaves observable signatures in the collective spectrum. The answer is that a magnetically neutral medium
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can be statically hidden but dynamically visible. In the transverse sector the response contains two duality-related
plasma scales, set separately by the electric and magnetic plasma frequencies. The resulting dispersion relation has
two stable branches; when the magnetic plasma frequency is taken to zero, one branch reduces to the ordinary electric
plasma mode while the additional branch collapses. This identifies the extra mode as the collective response of the
magnetic carrier.

The longitudinal sector exposes the two-fluid nature of the system more directly. Without entrainment the electric
and magnetic density oscillations give two independent Langmuir modes. With entrainment, the off-diagonal inertial
response mixes the two oscillations, turns their crossing into an avoided crossing, and yields the stability condition

K2 <1,

equivalent to positive definiteness of the two-fluid momentum matrix.

We also examine a magnetically neutral branch obtained by resolving the magnetic component into monopole and
antimonopole species. A magnetic charge-conjugation symmetry C,, selects a background with vanishing net magnetic
current, so the long-range monopole field is absent even though the total magnetic density is nonzero. The remaining
magnetic-charge fluctuations are screened, but they still leave a collective response controlled by the magnetic plasma
frequency. Thus the most robust observable signature is the density scaling

wgoll ~ wf)m X n??n)’
which may survive dissipative broadening in effective monopole media.

We also briefly comment on a possible structural implication of the same C,,-symmetric viewpoint. A pair of dyons
with opposite magnetic charges can be magnetically neutral as a whole while carrying a nonzero electric charge. The
mutual Dirac—Schwinger—Zwanziger pairing of the two constituents can then constrain the residual electric charge
even though no free monopole appears in the asymptotic spectrum. This observation is not used in the linear plasma
calculation and should be regarded as a possible interpretive extension rather than as an input to the mode analysis.

The paper is organized as follows. In Sec. II we derive the linear transverse and longitudinal modes of the dual
plasma in the absence of entrainment. In Sec. ITI we include entrainment, derive the longitudinal avoided crossing and
stability bound, analyze the C,,-protected neutral magnetic branch, and discuss screening and thermal de-screening.
Section IV summarizes the physical interpretation: static hiding of net magnetic charge, dynamical visibility through
collective response, and possible extensions to effective monopole media, cosmology, and dyonic composites.

II. ELECTROMAGNETIC MODES OF THE DUAL PLASMA

We first examine the linear electromagnetic response of the dual plasma before including entrainment. This already
shows that the medium is not merely a reparametrization of conventional monopole magnetohydrodynamics. The
magnetic fluid supplies an independent dynamical response to the magnetic field, in the same sense that the electric
fluid supplies the usual plasma response to the electric field. As a result, the electromagnetic spectrum contains two
plasma scales and two propagating transverse branches.

We linearize the equations about a static, homogeneous, charge-neutral, and unmagnetized background,

Ey =By =0, N(e) = n[()e)7 N(m) = n(()m)’
with both fluids initially at rest. Perturbations are taken to be plane waves o expli(k - x — wt)]. Throughout this

section we work in the cold limit and neglect direct entrainment; the entrainment-induced longitudinal mixing is
treated in Sec. III.

A. Setup: the closed two-fluid model

We take as our starting point an effective closed two-fluid model with separately conserved electric and magnetic
charge currents. The model is defined by the duality-symmetric Maxwell equations

VoF® =iy, Vi F® =i, (1)

together with the electric and magnetic Lorentz-force laws for the two charge-carrying fluids. The equations may be
motivated by a convective matter-space variational construction, but the linear analysis below uses only the effective



equations displayed in this section. Electric and magnetic charge are carried by two matter-space flows with identically
conserved number currents, Van?l) =0 (I =e,m), and fixed charge per particle g, g, so that

Iy =My Tim) = 9Mm): (2)
The two fluids satisfy the electric and magnetic Lorentz-force laws
b e b b m b x
Moy () = Ao Foar oy (4™, = 91" Fr (3)

The inertia and the inter-fluid entrainment follow from a Carter master function

« a
A= =pe(ne) = pm(nm) = 52%  nr =\ /=n{pnme, 2 = =nfynima; (4)

whose momenta ,u((ll) =0A/ 8n‘(1[) take the entrained form

Ldpr -y y2r (5)

plD = Bl 4 AnD, B0 = LT ,
nr dn] 2

The off-diagonal coefficient A is the inertial entrainment between the electric and magnetic fluids: upon linearization
it supplies the off-diagonal entry pe,, of the momentum matrix M introduced below, and hence the mixing parameter
k2 = p2../(PeePmm), while a = 0 decouples the fluids except through the field and gravity. When monopoles and
antimonopoles are resolved separately, the same framework yields an exchange-symmetric pair whose intra-magnetic
coupling f is likewise an ordinary Carter entrainment coefficient rather than an additional structure.

B. Linear response

The linearized Lorentz-force equations are
meyviey =qE,  mum)0ivim) = gB. (6)

Thus the electric fluid is accelerated by the electric field, while the magnetic fluid is accelerated by the magnetic field.
For harmonic perturbations this gives

iq
m E, V(m) =
(e)W M (m)w

Vie) = B, - .](e) = %E‘H j(m) = :;mB7 (7)

where the electric and magnetic plasma frequencies,

2,,0 2,,0
o _ T o _ 9 m
wi, = ) W, = . (8)
Pe me P )

In a relativistic fluid these masses are replaced by the appropriate inertia per particle,

pr+pr

my — hr:=
(1)
The two plasma frequencies are exchanged by electric-magnetic duality,

49, Ny O My Wpe & Wpme

C. Transverse modes

We now consider transverse electromagnetic waves. Take the wave vector along the z-axis and choose a transverse
polarization, k = k2, E = E &, B = B {. For perturbations proportional to exp[i(k - x — wt)], the linearized Maxwell
equations are

VXBfatE:j(e), VXE+8tB:7j(m). (9)



Using the linear response currents (7), these equations become

w2 (.d2
w— -2 |E=-kB, kE=-|w--2"|B. (10)
w w

The relative signs depend on the polarization convention, but the dispersion relation does not. Eliminating £ and B
gives

(w? — wge) (w® — wgm) =w’k?| - W (K + wge + wf,m) w? + wf)ewzm = 0. (11)

Thus the two transverse branches are

1 2
2 2 2 2
wi =g [k + wye + Wy \/(k2 +wl +w2,) — 4w§ew§m} . (12)
This expression is manifestly invariant under electric-magnetic duality, wpe <> wpm. The two transverse branches in
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FIG. 1: Transverse electromagnetic spectrum of the dual plasma. The electric and magnetic plasma frequencies
generate two duality-related cutoffs and two propagating transverse branches.

Eq. (12) are shown in Fig. 1. At zero wave number the two cutoffs are

w? (0) = max(w? w?(0) = min(wge, wﬁm). (13)

2
peaw

pm)a
Thus the transverse response contains two plasma scales rather than one. If the magnetic plasma frequency is taken
to zero, one recovers the usual electric plasma branch together with a collapsed zero-frequency branch,
wi = k> 4w, w2 =0 (Wpm = 0). (14)
The extra branch is therefore not a relabeling of the ordinary electric plasma mode; it is the transverse dynamical
response of the magnetic fluid.
The transverse sector is linearly stable. The discriminant satisfies

2
(2 4+ wle +win)” — dwlews, = k* + 262 (W2, + wiy) + (wWhe — win)® > 0, (15)
and both roots in Eq. (12) are non-negative. The upper branch approaches the vacuum light cone at large k,
wi =k +wl, +wl, +O0(k™?), (16)
whereas the lower branch becomes
w2 w? B
w? = ”ki;’ +O(k™4). (17)

The lower branch is therefore a medium-supported transverse mode. Its presence, together with the duality-related
pair of cutoffs, is one of the simplest linear signatures that the dual plasma is physically distinct from conventional
monopole magnetohydrodynamics.



D. Longitudinal modes without entrainment

In the absence of entrainment, the longitudinal electric and magnetic density oscillations decouple. For a longitudinal
electric/magnetic perturbation, Gauss’ law and charge conservation give the usual Langmuir mode,

w? = wﬁe, w? = wf,m. (18)
Thus the cold, non-entrained dual plasma contains two independent longitudinal plasma oscillations. This result
should not be confused with conventional monopole magnetohydrodynamics, where the magnetic charge current
is typically introduced phenomenologically into Maxwell’s equations. Here the magnetic current is carried by an
independent matter-space fluid and therefore has its own inertia, its own plasma frequency, and its own density mode.
The decoupling in this section is not protected once the two fluids are entrained. Since entrainment couples the
momenta of the electric and magnetic constituents, it mixes precisely the longitudinal density oscillations described
above. The resulting avoided crossing and stability boundary are derived in Sec. III.

E. Physical interpretation

The mode spectrum gives the first sense in which hidden magnetic charge can be dynamically visible. A neutral
and unmagnetized background has no static Coulomb-like magnetic field, and therefore no direct monopole signal
in the background electromagnetic field. Nevertheless, the magnetic fluid is not dynamically inert. Its inertia and
charge enter the linear response through wy,,, producing a second transverse cutoff, a second transverse branch, and
a magnetic Langmuir mode.

This distinction will be important below. The absence of a static monopole field in a neutral background does
not imply the absence of observable magnetic matter. Rather, the magnetic sector is probed through collective
response. In the symmetric monopole-antimonopole plasma discussed in Sec. IITI C, this statement becomes sharper:
net magnetic charge can be protected and strongly screened, while the hidden sector still leaves dynamical signatures
in the wave spectrum and in the longitudinal electric-magnetic mixing.

III. ENTRAINMENT, PROTECTED NEUTRALITY, AND DYNAMICAL VISIBILITY

The transverse spectrum of Sec. II already shows that a dual plasma has more structure than a conventional
monopole magnetohydrodynamic medium. We now turn to the part of the response where the two-fluid nature is
most direct: the longitudinal sector. In a longitudinal perturbation both fluids move along the same wave vector, so
any inertial coupling between the constituents enters without reference to polarization. This is the cleanest setting in
which to isolate the effect of matter-space entrainment.

We parameterize the cold linearized momenta by

2
P(I) — Z MIJV(J), M = (pee pem) , :‘<62 = Pem . (19)
J

Pem  Pmm PeePmm

Here pee and py,,, are the electric and magnetic inertial densities, while p.,, is the entrainment coefficient. In a cold
nonrelativistic limit one may identify

~ 0 ~ 0
Pee = m(e)n(e)a Pmm = m(m)n(m)?

whereas in a relativistic fluid the masses are replaced by the appropriate enthalpy per particle. The parameter s
measures the strength of off-diagonal inertial mixing. Absence of ghosts in the kinetic energy requires

detM >0 = K2 < 1. (20)

In this section we focus on the longitudinal entrainment problem. The transverse branches derived in Sec. IIC are
therefore used as the unentrained electromagnetic reference spectrum. A fully transverse entrained response would
require keeping the vector off-diagonal momentum response for both polarizations. That effect is not needed for the
longitudinal stability and neutrality mechanism developed below.



A. Longitudinal mixing

Take a longitudinal plane wave with k = kZ, V() = v()2, V(m) = Y(m)Z- The cold longitudinal force equations

are
E
) G)-ERE) e
P(m) gn(m) L P(m) Pem Pmm U(m)
The longitudinal fields are fixed by the electric and magnetic Gauss laws. For harmonic perturbations, charge

conservation gives

kn? kn?
(e) m)
Vie), 0Ny =

V(m)»

and hence the restoring forces are controlled by the two plasma frequencies

2(,0 \2 20,0 \2
W, =) (ij) L (,Zij) - (22

Equivalently, after dividing by the diagonal inertias, the longitudinal eigenvalue problem may be written as

2 2 2
w? —w Kw v
Fot ) (1)
pm (m)
where the sign of k can be absorbed into the relative phase of the two velocity perturbations. The determinant
condition gives

(1—r*w* — (wge + wg Jw? + wpewgm =0 (24)

This reduces to the two independent Langmuir oscillations when xk = 0.
The two longitudinal eigenfrequencies are

2 _ w2 2,2, ,2
pmzl:\/w w; 2 44k WheWpm

wj:,L = . (25)

Thus entrainment does not merely shift the plasma frequencies. It mixes the electric and magnetic density oscillations
as shown in the k£ = 0 values in Fig. 2. Near resonance, wpe ~ wpm, the eigenvectors are approximately the in-
phase and out-of-phase combinations of the two fluids, and the frequency crossing is avoided. At exact resonance,
Wpe = Wpm = Wp, one finds

w2

2 P
26
= T2 (26)

The splitting is therefore controlled directly by the entrainment strength.
Thermal pressure or finite compressibility dresses the two diagonal restoring forces. To leading order one may write

wfﬂ — wf,j + o7k?, I =em, (27)

where o is the sound speed of species I. As shown in Fig. 2, this moves the location of the avoided crossing but does
not change the ghost-free condition 2 < 1. If O(e) # O(m), the crossing occurs near

w2 7&]2

k2 _ pe pm (28)
* 2 _ 2
Tm) ~ %(e)

when the right-hand side is positive.



Longitudinal mode mixing and avoided crossing
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FIG. 2: Longitudinal electric-magnetic mode mixing in the presence of thermal pressure. Without entrainment the
electric and magnetic plasma oscillations cross. Entrainment turns the crossing into an avoided crossing.
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FIG. 3: Longitudinal stability boundary. In the ghost-free regime x? < 1, both longitudinal modes have positive w?.
The charge-separating instability appears only when the inertial matrix loses positive definiteness at 2 = 1.

B. Stability

The stability condition follows directly from Eq. (24). The product of the two roots is

2,2
w2,w
2 2 _ “pe%pm
Wil =g o (29)

For k2 < 1 this product is positive, and the sum of the two roots is also positive,

2 2
Wpe T Wpm

>0, (30)

2 2 _
wiptwlp=

Thus both longitudinal modes are stable in the ghost-free regime. For x2 > 1, the product of the roots is negative, so
one mode has w? < 0. The onset of the longitudinal instability therefore coincides with the loss of positive definiteness



of the inertial matrix:

longitudinal stability <= M>0 <= &x*<1. (31)

The schematic picture for this stability is given in Fig. 3.

This is a genuine two-fluid effect. The electric and magnetic fluids do not exchange charge, and the mixing is not
generated by a direct conversion process. It is inertial: the momentum of each constituent contains a component
proportional to the velocity of the other. Consequently the electric and magnetic Langmuir modes repel each other
in the spectrum. This avoided crossing and its associated stability boundary are absent from conventional monopole
MHD, where magnetic charge currents are introduced phenomenologically rather than as independent matter-space
fluids with their own momenta.

C. Magnetic charge conjugation and protected neutrality

We now refine the magnetic sector by resolving it into monopole and antimonopole fluids. Let the two magnetic
species be denoted m+ and m—, with independent matter spaces M1y and M,,_). Their number-current three-
a

forms are N(™1) and N"~)_ with dual current vectors LT

and n‘(lmf). The two species carry opposite matter-space

non-closures?!,
dM(;(er) — gQ(mH’ dMG(m*) =g Qm-) (32)
After pull-back,
Jmt) = qGimt) = gN ()| Jm=) = dGm-) = —gN(mo), (33)
The net magnetic current three-form and its dual vector are therefore

J(m) = g(N(m+) - N(”L_))a j?m),net = g(n?’m+) - n((lm*)) : (34)

net
Now, we define magnetic charge conjugation by exchanging the two species together with their non-closure data,
Coo: Mo MG, G e Gim) (35)
Under this transformation, the net magnetic charge change sign:

N o N gl g,

A C,,-invariant background must therefore obey
N(m+) — ]\](m—)7 j?m),net —0. (36)

Net magnetic neutrality is then not an assumption imposed after the fact. It is the symmetry condition selecting the
Cm-even branch of the magnetic fluid.

To see whether this neutral branch is dynamically stable, consider a C,,-invariant master function for the two
magnetic species,

B
Am = _pm(n(m+)) - Pm(”(m—)) - 5927 ?JZ = _n((lm+)n(m7)a7 B > 0. (37)

For a static homogeneous background, the magnetic contribution to the energy density is

B
B (n(mt)s Nm—)) = Pm(m+)) + Pm(n—)) + 50 (mt) M —) - (38)

At fixed total magnetic density

N
N =ngne) +0m-y, M) = 5 9,

L We barrow this form from the matter space framework. The two matter spaces (m+) carry opposite magnetic charges.



one obtains

BN?
8

B

Enm =2pm(N/2) + 9

+ {p;g(N/Q) - ] 52 +0(5%). (39)

The charge-conjugation symmetric point is therefore a local minimum if and only if

| 200 (N/2) =B > 0. | (40)

The same condition is the ghost-free condition for the two magnetic species. Indeed, the Hessian of E,, at the
symmetric point is

/!
m B2 p
H= <§/”2 P{/n ) Aingni? (41)
The C,,-breaking direction is the antisymmetric fluctuation (1, —1), whose eigenvalue is
p
Ao =pl — .
Pm 9

Thus the neutral branch is stable precisely when the antisymmetric mode is not a ghost. In the notation of Eq. (19),
this may be written as

2 . (8/2)?
R AL <1. (42)

A spontaneous transition to a state with JI(lz;”) # 0 can occur only when this bound is violated.

Proposition 1 (Dynamical protection of magnetic neutrality). In the C,,-invariant monopole—antimonopole fluid,
the neutral background N™+) = N("=) s energetically stable throughout the ghost-free regime. A charge-separating
instability, and hence a nonzero net magnetic current Jr(lg), appears only when the antisymmetric longitudinal mode
has already crossed the stability boundary.

This is the precise sense in which net magnetic neutrality is protected. The theory does not require one to impose
a vanishing monopole density by hand. Rather, the C,,-even state is dynamically selected throughout the regime in
which the effective two-fluid description has positive kinetic energy.

D. Screening, strong coupling, and thermal de-screening

Protected neutrality closes the direct static channel for observing a monopole plasma. In the C,,-symmetric branch,
the long-range 1/r2 field of the net magnetic charge cancels because
Jm =0,
This cancellation, however, should not be confused with the absence of magnetic matter. The individual m+ and m—
fluids still fluctuate, and their fluctuations are screened over the magnetic Debye length.

For a magnetic plasma with total magnetic density n?m), the magnetic plasma frequency is

2,0
an
2 _ (m) 0 _ .0 0
“me = - s n(m) = n(m ) + n(mi), (43)

where the contributions of the two species add because screening depends on g2, not on the sign of g. In a classical
thermal regime, the magnetic Debye length

v2 T/m T
A2, = hm (m)  — x T, 44
bz gl fmamy  g?nl, (44)
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lengthens with temperature. Whether this screening still hides individual charges is controlled by the magnetic plasma
coupling at the Wigner—Seitz radius a,, = (n(()m))_l/ 3,

5 0 \1/3 3/2
_g°/(dran) _ m (n(m)) _ .0 3  _ T _ —3/2
(m)
as shown in Fig. 4, Dirac quantization gives a strong magnetic coupling,
2
g 1

- = — = — =~ 34, 46
« i 4o (46)

for the minimal Dirac charge in the convention gg = 27. So neutrality and screening persist up to a temperature
about 34 times the naive “Coulomb energy ~ thermal energy” estimate: the strong coupling that enhances screening in
Sec. ITI C also delays de-screening. For I',;, > 1 (Np < 1, low T') the medium is a strongly coupled, correlated neutral
plasma: Ap,, < a,, and each monopole field is screened well inside the interparticle spacing—invisible. Because oy,
is large, residual magnetic-charge fluctuations are strongly screened.

Strong-coupling screening and thermal de-screening
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FIG. 4: Strong-coupling screening and thermal de-screening. Because the magnetic coupling is large, the monopole
plasma remains strongly screened for T' < T),. Individual magnetic charges become thermally resolvable only above
the de-screening scale.

Individual magnetic charges become thermally resolvable only when the temperature is high enough that the
magnetic Debye length is comparable to, or larger than, the interparticle spacing. For I';;, <1 (Np 2 1, high T') the
plasma is weakly coupled: Apy, = a.,, and over the window a,, < r < Apy, the bare g/r? field of an individual charge
is resolved. This gives the de-screening scale

2
g
Ty ~ am(n(()m))l/g = E("(()m))l/g- (47)

The large value of «, therefore delays thermal de-screening: the static monopole channel remains hidden unless the
temperature is parametrically high compared with the naive density scale (n(()m))l/ 3,

Crossing T}, does not generate a net magnetic charge. The condition JI(IZE) = 0 remains enforced by C,, as long as

the symmetry is unbroken. What changes is the visibility of the individual +g constituents. At low temperature, the
plasma is strongly coupled and correlated, and the field of each charge is screened inside the interparticle scale. At
high temperature, screening weakens and individual charges can be resolved over distances between a,, and Ap,.

E. Interpretation

The result is not that magnetic charge is simply unobservable. Rather, the static monopole signal is removed in the
Cp-symmetric branch, while the magnetic sector remains visible through collective response. The transverse spectrum
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contains a magnetic plasma scale, the longitudinal sector exhibits electric-magnetic mode mixing, and entrainment
produces an avoided crossing and a stability boundary. These are dynamical signatures of the hidden magnetic fluid.

Thus the dual plasma realizes a separation between two notions of observability. As an isolated static source, net
magnetic charge is screened or symmetry forbidden in the stable neutral branch. As a dynamical medium, however, the
magnetic sector leaves measurable imprints in the electromagnetic response. The appropriate conclusion is therefore
not absolute invisibility, but static hiding together with dynamical visibility.

F. Experimental observability

The ideal transverse cutoffs and sharp propagating branches derived above should not be taken as the most realistic
experimental targets in ordinary spin ice. In spin-ice materials, where magnetic monopole excitations are realized
effectively [15], monopole motion is strongly dissipative, and the clean collisionless dual-plasma dispersion is likely to
be broadened into a relaxation spectrum. A more robust signature is instead the density dependence of the collective
magnetic-charge response. Since the magnetic plasma scale is

2,,0
o _ 9 m
P )

w,

or, more generally, with m,,) replaced by the appropriate effective inertia, the characteristic magnetic-charge relax-
ation or resonance frequency should scale with the monopole density as

w, O(n(

pm m)*

This scaling survives even when the ideal mode is damped, because it follows from the restoring force associated with
magnetic charge density fluctuations rather than from the existence of an infinitely sharp quasiparticle pole.
Artificial spin ice provides a particularly promising arena for this test. In engineered two- or three-dimensional
spin-ice architectures, the monopole density can be tuned by temperature, field history, or sample preparation,
and the magnetic-charge configuration can be imaged directly. Microwave spectroscopy, Brillouin-light-scattering
spectroscopy, or related dynamical probes could then be used to correlate the measured relaxation or resonance scale
with the independently prepared monopole density. The cleanest evidence for the dual plasma response would not
necessarily be a sharp transverse cutoff, but a systematic scaling of the collective magnetic-charge spectral feature
according to
wgoll ~ me X n?m)
Such an observation would distinguish a genuine magnetic-charge plasma response from a purely phenomenological
monopole current, and would provide an experimentally accessible remnant of the dynamical visibility mechanism
proposed here.
If the early universe selects the C,,-symmetric branch, monopoles are produced with vanishing net magnetic charge
but with a nonzero total magnetic density. In that case the relevant cosmological observable is not a long-range

monopole field, since Jr(lzi) = 0, but the collective magnetic plasma scale
2
g (m)(2)
W (2) =
M (m)

This scale can modify the propagation and damping of primordial electromagnetic fields, and may leave imprints in
the survival of primordial magnetic fields, CMB-era plasma transfer, or hidden-sector radiation dynamics. Thus a
neutral monopole plasma would be cosmologically visible, if at all, through its density-dependent collective response
rather than through a static monopole Coulomb field.

IV. DISCUSSION

We have studied the linear response of a dual plasma in which electric and magnetic charges are carried by inde-
pendent matter-space fluids. The main conclusion is that magnetic charge need not be directly visible as an isolated
static source in order to have observable consequences. In the stable neutral branch the long-range monopole field is
absent or screened, yet the magnetic sector remains visible both through the collective dynamics of the medium and
through the quantization of the electric charge it leaves behind.
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There are three main dynamical results. First, the transverse electromagnetic spectrum contains two plasma scales:
the electric and magnetic plasma frequencies enter symmetrically, giving two duality-related cutoffs and two transverse
branches. The lower branch collapses to zero frequency when wp,, — 0, showing that it is a genuine response of the
magnetic component rather than a relabeling of the ordinary electric mode.

Second, the longitudinal sector exposes the two-fluid character of the theory. The cold non-entrained limit gives
two independent Langmuir modes; finite compressibility dresses them by k2-dependent corrections and allows them
to cross; matter-space entrainment then mixes the two density oscillations and turns the crossing into an avoided
crossing. The same inertial mixing yields a sharp stability condition xk? < 1, equivalent to positive definiteness
of the momentum matrix. The avoided crossing and the threshold are therefore specific consequences of treating
the magnetic carrier as an independent fluid with its own momentum, not phenomenological additions to monopole
magnetohydrodynamics.

Third, resolving the magnetic component into monopole and antimonopole fluids shows how net magnetic neutrality
is dynamically protected. In a C,,-symmetric sector the neutral branch satisfies JISZZ) = 0; charge separation is the
antisymmetric m 4+ —m— direction, and the onset of the charge-separating instability coincides with the loss of
the ghost-free condition. The residual magnetic-charge fluctuations are Debye screened, with a screening strength
enhanced by the large magnetic coupling ,,, = g%/4m ~ 1/4a. This is an internal effective-field-theory mechanism
for the long-range static invisibility of a neutral, strongly coupled monopole plasma, with a thermal de-screening scale

Ty ~ am(n(()m))l/ 3 above which the individual +¢ constituents become resolvable while the net charge stays zero.

Taken together, the dual plasma realizes a separation between three notions of observability. Statically, the channel
is closed: there is no unscreened 1/r? monopole field in the stable C,,-symmetric branch. Dynamically, the channel
is open: the magnetic plasma scale wp,,, longitudinal electric-magnetic mixing, entrainment-controlled stability, and
thermal de-screening are collective signatures of the hidden sector. Structurally, the hidden dyonic substructure leaves
a permanent imprint in the quantization of electric charge, resolvable directly only above the binding scale. Magnetic
charge is thus statically hidden, dynamically visible, and structurally imprinted.

From an experimental point of view, the clean ideal-plasma transverse cutoffs may not be the most robust target in
ordinary spin ice, where monopole motion is strongly dissipative. A more realistic observable is the density dependence

2

of a collective magnetic-charge relaxation or resonance scale. Since wy,, = an?m) /M (m), or more generally with 72,

replaced by an effective inertia, the characteristic scale should obey w2 ~ w?, o n(()m).
damping because it follows from the restoring force associated with magnetic-charge density fluctuations rather than
from a sharp quasiparticle pole. Artificial spin ice, especially engineered two- or three-dimensional architectures, offers
a natural arena: the monopole density can be prepared and imaged while microwave, Brillouin-light-scattering, or
related probes test the predicted scaling.

The construction treats magnetic charge as an effective matter-space constituent. It does not assume a GUT
monopole, nor does it fix the inertial mass: Dirac quantization constrains g, not the inertia in the plasma frequency,
so the observable scale is w2, = g2n?m) /Mgt With meg the appropriate inertial parameter. The usual cosmological
monopole problem concerns the abundance of relic magnetic charges [16, 17]; here the relevant question is instead
whether a C,,-symmetric population can be neutral in net magnetic charge while still carrying a collective plasma

response. If the early universe approximately respects C,,, monopoles and antimonopoles are produced symmetrically,

This scaling survives

so the symmetry suppresses the net asymmetry 1(12;) o« Nm+) — N(m=) pather than the total abundance N(+) 4
N(m=)_ A neutral monopole plasma then produces no long-range cosmological monopole field, but its density-
dependent collective scale wp,(2) could modify the propagation or damping of primordial electromagnetic fields,
or appear as a hidden-sector plasma response.

A further structural implication concerns electric charge quantization. The matter-space construction does not
require a constituent to be purely electric or purely magnetic. A pair of dyons with opposite magnetic charges may

form a magnetically neutral composite,

(qvg) + (qla _g) = (Qnet7 O)a Qnet =4q + q/'

Although such an object has no long-range monopole field, its internal two-body structure is not equivalent to two
purely electric charges. The Dirac—Schwinger—Zwanziger pairing of the two constituents is

D12 = q(—9) — ¢'9 = —Qnety-

The possibility of constituents carrying both electric and magnetic charge is standard in dyonic charge-lattice
physics [3, 18, 19]. Quantum consistency requires D12 € 27Z. For the minimal magnetic charge g = 27 /e, this
gives

Qnet € GZ.
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Thus, if ordinary electric charges are interpreted as C,,-even dyonic composites, their net magnetic charge is hidden
while their surviving electric charge is quantized. This observation is not needed for the plasma-mode analysis above;
it should be viewed instead as a possible structural imprint of the same hidden magnetic sector.

Several extensions are immediate. Magnetized backgrounds should reveal the dual analogues of cyclotron structure,
Faraday rotation, and anisotropic wave propagation. Warm, kinetic, or dissipative treatments are needed to describe
Landau damping, collisional broadening, and the relaxation spectra expected in effective monopole media such as
spin ice. The same effective two-fluid equations can also be applied to relativistic or cosmological settings, including
neutral monopole plasmas, hidden-sector charged media, and the propagation of primordial electromagnetic fields.
Finally, the magnetically neutral dyonic interpretation mentioned above suggests a separate quantum problem. One
should classify the admissible composites using the Dirac-Schwinger—Zwanziger charge lattice, including possible
Montonen—Olive/Witten-type structures, and then analyze the binding dynamics of the corresponding dyonic states.
These questions are not needed for the linear-response results derived here, and we leave them to future work.
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